Cys 2 -His 2 zinc fingers consist of a 30 amino acid residues sequence, which is folded around a zinc ion to form a stable structure (1) . Zinc-fingers are DNA binding motifs and occur repeated in tandem. At least two adjacent zinc fingers appear to be necessary for binding (2) . The zinc finger is an independent folding motif (3) consisting of a small β-sheet and an α-helix stabilized in a compact globular structure by the bound zinc (4 -6) . Base-specific contacts are made in the major groove of DNA and are mediated by amino acids in positions 1, 2, 3, and 6, of the α-helical "reading head" (4 -6) . The role of the linkers between finger domains is not as clear: linkers may make no contacts with DNA and do not affect on the relative orientation of adjacent fingers (5) , but in some cases they appear to participate in DNA -protein interactions (6) . In the case of at least three zinc finger proteins, several amino acids N-terminal to the first finger are necessary for specific DNA binding. For the yeast transcription factor ADR1, containing two zinc finger motifs, it was demonstrated that residues outside zinc finger motif are important for DNA binding (7 -9) . Eleven residues N-terminal to the formal start of the first finger motif of yeast SWI5 protein are essential for stabilizing the folded form of finger 1 and for DNA binding (3) . Furthermore, seven residues N-terminal the first finger were shown to be required for sequence-specific DNA-binding of Tramtrack protein (10) .
To clarify the role of the N-terminal peptide preceding the zinc finger domain we have studied the Tramtrack protein (Ttk 1 ) from D. melanogaster. Ttk is involved in the regulation of Drosophila embryonic development and it binds to at least four DNA-binding sites (11, 12) . Ttk is a sequence-specific DNA-binding protein, which contains two adjacent zinc fingers. The 66-residue DNA -binding domain (TTK DBD) is able to bind DNA specifically (10) . Seven residues N-terminal to the first finger motif of TTK DBD are essential for DNA binding (10) . The crystal structure of the domain complexed with DNA is known (5) . The overall three-dimensional structure of the Ttk zinc fingers is the same as that of other zinc finger proteins.
Although three residues N-terminal to the conventional finger motif fold to form a third strand to the β-sheet and lie too distant from DNA to interact directly with DNA bases (5) . Goal of our study was to investigate Ttk binding to DNA in solution and to compare the results with the crystallographic data. This was accomplished by crosslinking of TTK DBD with DNA, that was activated by partial depurination. Covalent adduct formation between activated DNA and the protein implied that the amino acid residue was in close proximity to the individual apurinic DNA site (13 -16) . We have identified the traced contacts of TTK DBD on the level of amino acids and DNA base pairs. It emerged that TTK DBD N-terminus cross-linked to the DNA base pairs corresponding to both specific and non-specific binding. Thus, Ttk accessory peptide N-terminal to the first zinc finger is involved in the direct interaction with DNA like ADR1 (8, 9) .
EXPERIMENTAL PROCEDURES
Tramtrack protein--The 66 residue DNA-binding domain of the Tramtrack protein was kindly supplied by Louise Fairall (10) and stored in 20 mM MES (pH 6.5), 100 mM NaCl, 0.1 mM ZnSO 4 , 0.5 mM PMSF, 50% glycerol at -20°C.
Methylation and partial depurination of DNA-As Ttk DNA binding site we used 22 bp fragment of the #16 binding site from the ftz promoter upstream element (5, 10, 11) . Ttk DNA binding site was prepared by annealing of the gel-purified complementary strands. Mild depurination of DNA includes DNA methylation by dimethyl sulfate and spontaneous elimination of methylated purines. Doublestranded DNA in 100 µl of 30 mM HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA was methylated with 25 µl of dimethyl sulfate freshly dissolved in 500 mM HEPES. A final concentration of dimethyl sulfate was 35 mM, reaction was carried out at 25°C for 30 min. DNA was precipitated to remove dimethyl sulfate and depurinated by incubation at 42°C for 16h in 50 µl of 30 mM HEPES (pH 7.4), 50 mM NaCl, 0.1 mM EDTA.
Methylation rate was measured for 5'-labeled DNA by the cleavage at the methylated base with 10% piperidine at 95°C for 30 min and analysis of the DNA fragments on 20% denaturing polyacrylamide gel. Quantification of the bands intensities allowed us to find the necessary methylation conditions. Ttk DNA binding site of 22 bp was methylated with dimethyl sulfate so that 30% of the DNA molecule had one, and only one, modified purine and less than 9% had more than one modified purine.
Ttk cross-linking to partly depurinated DNA--DNA-protein cross-linking was carried out in 100 µl of the binding buffer containing 20 mM MES (pH 6.5), 10 mM HEPES (pH 7.4), 100 mM NaCl, 0.05 mM ZnSO 4 , 0.1% NP40, 0.1mg/ml BSA, 2 mM MgCl 2 , 0.1 mM PMSF, 10 % glycerol. One-end-labeled partly depurinated DNA was incubated with TTK DBD at room temperature for 15 min and 200 mM pyridineborane complex dissolved in methanol was added to the final concentration 10 mM (14, 16) . After incubation for 1.5 h at 37°C generated cross-links were additionally reduced with NaBH 4 (final concentration of 0.5 mg/ml). To maintain pH, HEPES (pH 
RESULTS
Ttk cross-linking to partly depurinated DNA binding site--In this work we analyzed both specific and nonspecific Ttk -DNA complexes. To determine the amino acid residues and DNA bases close to each other in Ttk -DNA complexes, we used zero-length DNA -protein cross-linking. DNA activated by partial depurination can bind covalently with the N-terminal α amino group, ε-amino group of lysines, and the imidazole group of histidines (13, 14, 16) . Cross-linking of these residues within the DNA -protein complex is considered to provide direct evidence for their proximity to the modified sites on DNA. Thus, the main goal of the in vitro crosslinking studies is the identification of the amino acid residues cross-linked to DNA and the positions of the cross-links on the DNA (15).
An end-labeled 22 bp DNA fragment containing the Ttk binding site was methylated with dimethyl sulfate so that less than 9% of the DNA molecules had more than one modified purine. Methylated DNA was depurinated by heating.
Elimination of purines causes formation of the aldehyde group on DNA that is able to form cross-links with the protein residues (15) . We verified that Tramtrack binding to the partly depurinated DNA is still specific. The DNA was titrated by TTK DBD in cross-linking buffer and complex formation was analyzed by gel-electrophoresis.
Band-shift assay (Fig. 1) shows that zinc-fingers of Ttk bind depurinated DNA binding site as strong as non-modified one.
Partly depurinated DNA was incubated with TTK DBD as it described in Experimental section and the generated cross-links were purified by electrophoresis under denaturing conditions in a discontinuous SDS/urea-polyacrylamide gel. Fig.   2A shows that the major product of cross-linking was well separated from both non-cross-linked DNA and protein. The yield of the cross-linking was1-4%.
Identification of the purines cross-linked to Ttk--In order to separate different possible amino acids of Ttk that were cross-linked to DNA, the DNA-linked protein was digested with trypsin and the resultant DNA-linked peptides were separated by gel-electrophoresis. Four radioactive bands containing Ttk peptides linked to 5'-labeled full length strands of 22-bp DNA (Fig. 2B) were excised from the gel after autoradiography and eluted.
In order to identify the positions of cross-linking on the DNA, 5'-labeled DNA strands cross-linked to peptides were subjected to the A+G sequencing reaction.
The interpretation rests on the assumption that the sequencing ladder must be interrupted at and above the position of the cross-linked purine, because of the retardation imposed by a covalently-attached peptide moiety (Fig. 3) . The retarded bands migrate between the full-length (non-cleaved) DNA fragment linked to peptide and the DNA fragment corresponding to the site of cross-linking.
Bands DA1 -DA4 and DB1 -DB4 presented in Fig. 2B may arise from the peptides cross-linked to several purines on the DNA strand. In such a case, sequencing pattern will be a superposition of the patterns corresponding to crosslinks through several purines. To separate them, the DNA-linked peptides were digested with 3' -> 5' exonuclease (Klenow fragment of E. coli DNA polymerase I or T4 DNA polymerase); the products were fractionated by gel-electrophoresis (Fig. 4) and eluted from the gel. Exonuclease stops close to the site of cross-linking and the number of the removed nucleotides depends on the distance between the 3'-end of the strand and the site of cross-linking. In this way cross-links to the different DNA sites can be separated. All peptides linked to strand A migrate after digestion with exonuclease as a single band (Fig. 4) and consequently peptides must be crosslinked to a single DNA site. By contrast, peptides linked to strand B migrate after treatment with exonuclease as several bands. Thus, they were cross-linked to several sites of DNA strand B. The separated products of exonuclease digestion were subjected to the A+G sequencing reaction, and electrophoresis were carried out under denaturing conditions (Fig. 5) . It can be seen that G14 of strand A is the first "absent" purine in the sequencing ladders. Thus, G14 on strand A is the site where all four peptides were cross-linked to strand A. DNA-linked peptide DB1 has four products of exonuclease digestion (marked 1-4 in Fig. 4, lane 8) . The A+G sequencing reaction, and subsequent electrophoresis shows that the products carry cross-links through the sites G8, A10, A13,and G15 (Fig. 5B, lanes 1 -4) . DNAlinked peptide DB2 has two products of digestion, both cross-linked through the site G15 (Fig.5B, lanes 5 and 6) . DB3 was transformed into the only peptide, crosslinked through the site G15. Finally, DNA-linked peptide DB4 was cross-linked through the sites G8 and G15. Thus, our approach make it possible to determine the protein cross-linked DNA bases precisely, here we first used this technique.
Identification of Ttk amino acids cross-linkable to DNA--We would like to compare the amino acids of Ttk cross-linkable to the different DNA sequences such as specific and non-specific DNA sites. For this purpose we modified the method of the cross-links analysis. The protein was cross-linked to DNA and DNA moiety of the cross-linked complexes was digested with micrococcal nuclease, so that only a short oligonucleotide tag is covalently bound to the protein (13, 16) . The nondigested DNA tag, that corresponds to the site of cross-linking was labeled with 32 P-ATP and T4 polynucleotide kinase. Subsequently, the protein was digested with trypsin, and the resultant nucleotide-linked peptides were separated by gelelectrophoresis and visualized by autoradiography (Fig. 6 ). This permits comparison of the nucleotide-peptide patterns corresponding to Ttk complexed to DNA of different lengths and sequences. The maps of cross-linked nucleotide-peptides were obtained for complexes of TTK DBD with its binding site (lane 1, Fig. 6 ) and nonspecific sequences (lanes 2 and 3, Fig. 6 ). Nucleotide-peptide patterns of the non- fractionating by gel-electrophoresis, the radioactive bands were eluted from the gel (Fig. 6 ) and treated with alkaline phosphatase. During re-electrophoresis under the same conditions the nucleotide -peptides migrate slower than before the treatment with phosphatase due to the loss of the 5'-phosphates in the oligonucleotide moiety of the nucleotide-peptides (migration rate decrease is about 70% of the original mobility, Fig. 6 ). Thus, nucleotide-peptides were purified not only from the other nucleotide-peptides (during the first electrophoresis) but also from the non-labeled peptides which were not retarded during the second electrophoresis. Radioactive nucleotide-peptides were eluted from the gel and sequenced by Edman degradation.
Peptides eluted from the bands N1, N2,and N3 are found to have the same sequence ?EFTK (residues 1 -5 of TTK DBD), peptides from bands NN1 and NN2 (the latter is not shown in Fig. 6 ) have also the same sequence ?EFTKEGEHTYR (residues 1 -12). The question mark (?) stands for Met-1, which was not identified. This proves that it is modified by cross-linking. Both peptide sequences contain possible amino acids that can be cross-linked to sites of DNA depurination -Met-1, Lys-5 and His-9. Since the two latter residues were identified on the peptide sequencing chromatography, they were not cross-linked to DNA. Thus, TTK DBD N terminus is the major product of cross-linking of the protein to partly depurinated DNA. The finding that several peptides (marked NN) were the result of non-complete digestion with trypsin explains why we had several bands corresponding to cross-linking through a single amino acid.
DISCUSSION
We have used DNA -protein cross-linking techniques (15) to study the complex between the 66-residue DNA -binding domain of the Tramtrack protein (TTK DBD) and both a specific and a non-specific DNA binding sites. In both cases the major product of TTK DBD -DNA cross-linking was identified to be the Nterminal α-amino group of the protein. We conclude that the N-terminus of the TTK DBD is in the contact with DNA in both specific and non-specific complexes with DNA. DNA was mildly methylated and depurinated to generate aldehyde groups that are able to form Shiff bases (cross-links) with either N-terminal α-amino group of proteins, ε-amino group of lysines, and imidazole groups of histidines (13, 14, 16) .
Formation of such a zero-length cross-links provides evidence for the close vicinity of the corresponding DNA and protein groups. In contrast, the absence of cross-links between protein residue and DNA does not necessarily indicate that protein side chains are remote from DNA (13, 15) . The chemistry used here favors the formation of cross-links preferentially through N-terminal α↑amino groups, then through lysines, and to a less extent through histidines (14, 16) .
Five bases of the specific Ttk -DNA binding site were found to contact the Nterminus of the TTK DBD. The contact points can be divided into two sites on the DNA sequence; one includes base pairs 13-15, and the other base pairs 8-10 ( Fig.   7 ). If the protein had no particular position on DNA, its N-terminus should have contacted all possible DNA base pairs, i.e., base pairs 1 -22. Instead we obtained only two sites of contact, corresponding to two specific positions of the protein on the DNA, and, as expected, the location of the protein on the DNA is not random. Within these two regions TTK DBD N-terminus does not contact only one base pair, and hence appears to be flexible, similarly to many other protein tails (9) .
The N-terminus of the TTK DBD is residue 184 of the intact 68.5 kDa Tramtrack protein (11) . The sequence of the TTK DBD construct we studied starts from mefTKEGEHT, with first three residues encoded by the vector. The corresponding sequence in the intact protein is svrnycTKEGEHT. As can be seen, the positively charged group of the arginine in the intact protein is replaced in the construct with an N-terminal α-amino group. We speculate that in the full length protein the arginine residue would make contact with the same bases of the DNA binding site as does the N-terminus of the TTK DBD in our cross-linking studies. of 20 residues N-terminal to the first finger motif (7) . NMR studies of the protein (8, 9) show that the N-terminal sequence is unstructured and highly flexible in the absence of DNA. Upon binding to DNA the tail region becomes more protected from solvent exchange and exhibits reduced motions. It was proposed that the N-terminal region of ADR1 lies on the surface of DNA (8, 9) .
For Tramtrack protein our conclusion is that the N-terminal region preceding the first zinc-finger of Tramtrack is essential for DNA binding due to its direct interaction with DNA at base pairs 13 -15, 5' to the sites of zinc fingers interactions located at base pairs 7 -11 (Fig. 7) . In the crystal structure of the TTK DBD -DNA complex, residues N-terminal to the first zinc-finger form a third strand to the β-sheet and do not interact directly with DNA (5). The distance between G15 and the closest side chain of the TTK DBD, exceeds 12 Å (5). Hence, the protein side chains are too distant from G15 to make a contact with this base in TTK DBD -DNA complex. Nevertheless it was clearly shown by the footprinting studies that G15 belongs to the minimal Ttk DNA binding site (10) . This result is consistent with our finding that the residues preceding first zinc finger make contact with this base. Our data show that in solution the N-terminal region is unfolded and interacts with DNA rather than with the first zinc-finger of Tramtrack. Tramtrack has several natural binding sites within the ftz upstream enhanced element and zebra elements (10, 11, 12) , where base pairs 13-15 are not conserved (see Fig. 7 ). Thus, interaction of Tramtrack residues preceding the first zinc finger with base pairs 13 -15 of DNA is likely to be non-specific, contributing to affinity rather than to specificity. To prove the idea that these base pairs being within Ttk minimal binding site do no contribute to DNA recognition we checked the protein binding to Ttk binding site carrying mutations. Wild-type base pairs were replaced with base pairs which were never found within natural Tramtrack binding sites. Fig. 1 shows that substitution of base pairs 13, 14, and 15 decrease the protein binding only twice (G15C) or trice (A13G, and C14G) which indicates that DNA -protein interaction remains specific. We believe that the interaction of the N-terminus of the TTK DBD with DNA contributes to DNA binding by orientating the protein along DNA. This interaction also takes place when the protein is bound to non-specific DNA and hence may play role in the search for the specific binding site. Bands, which were then cut out from the gel, are marked. 1 -4) or non-digested (lanes 5 -8) with exonuclease were subjected to "A+G" reaction and gel-electrophoresed. Lanes A, ladder of the strand A after "A+G" reaction. B, Peptides linked to the strand B either digested (lanes 1 -10) or non-digested (lanes W) with exonuclease were subjected to "A+G" reaction and gel-electrophoresed. Lane B, ladder of the strand B after "A+G" reaction. 
